The friction and wear properties of polyamide 6 (PA6) and CaSiO3 (Calcium meta silicate) reinforced PA6 composites sliding against metal under dry sliding conditions are studied as per ASTM G99 standard by using a pin-on-disc wear testing apparatus. The result of the applied load and rubbing speed on the wear behaviour of the polymer-metal sliding combinations under dry / normal sliding conditions are investigated. The worn surfaces are examined by using Scanning Electron Microscope (SEM). Experimental results show that CaSiO3 samples under dry conditions show enhanced wear resistance. It is noticed that frictional heat has the capacity to change the physical state of the polyamide sliding surfaces and hence contributes for a major change on the wear behaviour of polymer-metal sliding under dry / normal sliding conditions.
Introduction
Polymer based composites have been used progressively in many tribological applications like in manufacturing of gears, brakes, ropes, cams, etc. These composites (A composite is a combination of two materials in which one of the materials, called the reinforcing phase, is in the form of fibres, sheets, or particles, and is embedded in the other materials called the matrix phase. The reinforcing material and the matrix material can be metal, ceramic, or polymer [1] ) have the ability to replace conventional materials used in numerous applications [2] . The properties of polymer composites can be tailored with the usage of special fillers like talc, wollastonite, graphite, silicon carbide and many more [2] [3] [4] [5] [6] . Polyamides or nylons are the first engineering plastics and still represent the biggest and most important class of these types of material. Polyamides are a versatile family of thermoplastics that have a broad range of properties ranging from relative flexibility to significant stiffness, strength and toughness. Therefore these properties of polyamides make them an excellent matrix material. Polyamides also offer number of advantages like, resistance to a good number of organic acids like ethers, benzene, chloroform, esters, acetone, excellent resistance towards alkalies, resistance to inorganic acids, very good physical properties, good heat resistance, excellent wear resistance, etc., Polyamides also find their usage as, electrical connectors, gear, slide, cams and bearings, cable ties and film packaging, fluid reservoirs, fishing line, brush bristles, automotive oil pans, fabric, carpeting, sportswear, sports and recreational equipments [7] .
Wear is usually defined as a progressive loss of material from the surface of a material under study, brought about by mechanical causes, i.e., by contact and relative motion of a solid, fluid or gaseous counterbody. As soon as the base body and counterbody come into contact, i.e., when the lubrication film thickness becomes too small or lubricant is unavailable, wear occurs. Wear processes can be classified into different types according to the type of tribological load and the materials involved, e.g., sliding wear, fretting wear, abrasive wear, and material cavitation. Wear is caused by a number of mechanisms, the following four being especially important: (1) Surface fatigue (2) Abrasion (3) Adhesion (4) Tribochemical reaction [8] . According to Ingrid Kovaříková [8] , wear mechanism can occur individually, successively or concomitantly. Apart from the types and mechanisms of wear, wear phenomena are also extremely interesting for interpreting the result of wear. These mean the changes of a body's surface layer resulting from wear and the type and shape of the wear particles accumulating. Light or scanning electron microscope images can present this extremely clearly [8] [9] [10] .
In the present work an attempt has been made to understand the effect of CaSiO3 addition in PA6 when subjected to wear conditions. It is noted that only a very little information is available about the effects of reinforcing CaSiO3 on the wear performance of PA6 based CaSiO3 reinforced composites. CaSiO3 is also known by the names Calcium silicate / wollastonite and is commonly used as a functional filler in thermoplastics, particularly in polyamides and polypropylene because of its availability in grades with very fine particle size and high aspect ratio, containing acicular or needle-like particles [11] . The wollastonite mineral has many advantages and due to which it is being used in many areas. One of the main advantages of CaSiO3 is its low moisture absorption properties that make it possible for being used in applications, mainly industrial, as fillers in paints, ceramics, wear resistant materials, etc. Other characteristics of CaSiO3 include: high brightness low volatile content, good thermal stability, low thermal expansion coefficient, high dielectric strength, and low loss on ignition [12, 13] . In engineering thermoplastics with the inclusion of wollastonite, results in an overall development of the mechanical properties, that is, enhanced flexural modulus, enhanced tensile strength, enhanced heat deflection temperature (HDT) and enhanced dimensional stability. It is considered that the needle-like or acicular shape of the wollastonite is the key contributing factor for the enhanced mechanical properties. [13] According to Robinson et al. [14] , functional fillers such as mica and talc, having similar Young's moduli, but platy shape of these materials can offer enhanced overall stiffness in different directions due to increased dissipation of stress across a wider flat plane. Impact strength may also be improved by the use of platy minerals. However, with proper selection of median diameter and control of top size of the wollastonite particles, the notched impact strength performance in certain resins can be improved over the unfilled polymer and over other fillers. Therefore, the main aim of this investigation is to understand the tribological behaviours of CaSiO3 reinforced PA6 polymermetal sliding combinations under dry friction conditions.
Experiment

Materials
High impact PA6 (AM306321) was supplied by M/s. Sarvodaya polymers, Bengaluru, India to Shrinidhi plastics, Bengaluru. Raw materials were originally in the granular form with a nominal granule size of 3mm and colour (natural) and wollastonite (natural calcium silicate mineral), a white crystalline powder was used as a reinforcing filler and was obtained from Mehta Sons, Bengaluru, India. The size of the obtained CaSiO3 was of 53µm (Fig 1) . Technical specifications of CaSiO3 are as shown in the Table 1 . 
SAMPLES PREPARATION
Blends Formulation and Preparation
The basis of formulation was based on the percentage weight ratio between PA6 and CaSiO3. The weight ratios of blends are shown in Table 2 . The PA6 thermoplastic was obtained in the form of pellets and to remove moisture, PA6 was dried in a hopper dryer at 80 °C for about 24 hours. All the materials were premixed in sealed container and shaken manually for about 5 minutes. 
Injection Moulding
After the blends were compounded, the blends were subjected to an injection moulding process using a 20 T capacity injection-moulding machine, ARBURG 170 / 90 / 200. The moulding machine was first preheated and each blend with the stated blend formulations were injection moulded into the mould. The barrel temperature ranged from 220-265 °C. The temperatures of the four zones of the injection moulding were: feed zone 220°C; compression zone 230 °C; metering zone 240 °C and die zone 250 °C. All the pallets were dehumidified in a hopper dryer (80°C for 24 hours) and stored in desiccator for 24 hours before testing.
Techniques
The test sample dimensions are as shown in the fig. 2 . A pin-on-disc test setup ( fig. 4) 
Prior to the testing, the disc surfaces were cleaned with acetone. The wear samples were weighed with an accuracy of 0.001 mg using an electronic balance ( fig. 3) . The test was carried by applying normal load (10 N to 70 N) and run for a constant sliding distance (1000 m) at different sliding velocities (2.5, 5 and 7.5 m/s). At the end of the test, the wear samples were again weighed in the same balance. The difference between the initial and final weights was measured to evaluate the wear loss. Minimum of three trials were conducted to ensure repeatability of test data. The weight loss was converted into volume loss by using a measured density of the specimen. The specific wear rate (KS) was calculated using the following mathematical relation:
(1) Where, ΔV is the volume loss in m 3 , L is the load in Newton, and d is the abrading distance in meters. Few of the samples were subjected to the SEM study at Sophisticated Test and Instrumentation Centre (STIC), Cochin, Kerala, India and the technical specifications of SEM installed in STIC, Cochin is as shown in the Table 3 . The performance of the polyamide composites was evaluated based on the changes in wear coefficient as function of sliding velocity, applied normal load and weight loss of the composite sample with changes in sliding velocity and applied load. 
RESULTS AND DISCUSSION
Sliding wear behaviour of PA6 samples under Dry Conditions.
PA6 samples were subjected to sliding wear on a pinon-disc wear testing apparatus. The details of the tests conducted have been reported in Table 4 . The samples were subjected to varying normal loads (1 kg to 7 kg) and changing sliding velocities (2.5 m/s to 7.5 m/s) for constant sliding distance of 1000 meters. Table 4 gives the details of the changes in wear coefficient and weight loss in grams of PA6. Wear test results of normal samples indicate a gradual increase in coefficient of wear (COW) and wear loss as the sliding velocities and applied load increases. From the fig. 5 , it is surprising to note that PA6 samples show good resistance to the change in rubbing velocity when it changes from 2.5 m/s to 5 m/s, that is, COW and the wear loss did not vary with the change in rubbing velocity. But at 7.5 m/s, PA6 samples exhibited higher wear loss and wear coefficient. This may be due to the reason that PA6 are rigid materials and due to which they offer higher wear resistance. At 7.5 m/s sliding speed, PA6 undergo a transformation (rigid to soft), that is, it loses its rigidity and becomes soft and flexible. This transformation decreases the mechanical strength and increases the wear loss and friction coefficient. These findings are in agreement with the findings of Chowdhury et al. [16] . fig. 6 (c) , it is seen that sufficient wear loss occurs when rubbing velocity changes from 5 m/s to 7.5 m/s. Fig. 6 (c) also indicates enhanced scratch marks at 7.5 m/s sliding speed. This is due to the cutting action of sharp abrasive like particles that were formed when sliding speed and load changed. The effect of addition of CaSiO3 into the matrix of PA6 on the wear under normal condition has been studied in the figs. 7 (a), (b) and (c). From the fig. 7 (a) , it is understood that 3 % and 5 % samples undergo the same trend in wear, but whereas 1 % samples exhibits a different trend. The wear trend for 1 %, 3 % and 5 % samples remains same till 2.5 m/s and 3 Kg load and at 5 m/s and 3 kg load. The 3 % and 5 % samples exhibit decrease in COW whereas 1% samples show increase in COW. The same holds good with wear loss also as seen from fig. 7 (b) . From the fig. 7 (a) , it is seen that the wear of the polymer samples is in the decreasing order of 5 % > 3 % > 1 %. It is seen that there appears to be no effect of change in sliding speed when it changes from 2.5 m/s to 5 m/s at 1 Kg load initially. But at 7.5 m/s, the samples show a drop in COW. The reason for this drop is due to the encounter of CaSiO3 particles that offer resistance to wear. Similarly, all the drops in COW are the portions in samples where CaSiO3 particles are encountered. The same has been confirmed from the figs. 7 (e), (f), (h) and (j) which represent the SEMs of 1 %, 3 % and 5 % samples respectively. The SEMs provide the vital data showing the exposure of CaSiO3 particles during the wear. Figs. 7 (d), (g) and (i) represent the SEM of 1 %, 3 % and 5 % samples under an applied load of 1 Kg and rubbing velocity of 5 m/s. From these SEMs it is understood that samples undergo wear with the influence of a rise in temperature as seen from figs. 7 (a) and (c). The amount of heat generated is determined by the formula Q = μPV [17] , where μ is the friction coefficient, P the applied load, and V is the sliding speed. Also from the figs 7 (a) and (c) for 1 %, 3 % and 5 % samples, it is seen that the heat generated is less in the areas where COW drops. This implies that CaSiO3 particles, apart from offering wear resistance, also have the capability to resist the heat. It is also seen from the figs. 7 (a), (b) and (c) , that with the increase in sliding speed and load, friction between the samples and the disc increases, which in turn increases the temperature and this rise in temperature brings down the mechanical strength that enhances COW and wear loss.
Conclusions
The sliding wear behaviours of unfilled and CaSiO3 filled PA6 composites were studied. The following are the salient observations made from the aforesaid investigation.
 The two-body abrasive wear performance of PA6 and PA6-CaSiO3 composites depends significantly on the abrading distances and the applied loads. 
The wear resistance of PA6 gets enhanced appreciably with the incorporation of CaSiO3. The specific wear rate and wear coefficient of the composites decreases with the addition of CaSiO3. 
The enhancement on the wear resistance after incorporation of CaSiO3 filler in PA6 composite was generally associated with less matrix and less CaSiO3 damage and/or removal.  SEM observations threw light on features such as matrix fracture, CaSiO3 fibres detachment. SEM studies revealed that in CaSiO3 filled PA6 composite severity and the extent of damage on the surface become less as noticed in the softer region owing to the presence of hard CaSiO3 particle phase.

The performance of CaSiO3-filled PA6 composite is found better than unfilled PA6 samples.
The increase in heat resistance property of the composites may also be beneficial in certain aerospace applications [18] .
